. Genomic Structure of the Human CRX Gene (A) Schematic diagram showing the relative size and position of the three exons that contain the CRX coding region. Note that there is an additional exon upstream of exon 1 that contains only 5Ј-untranslated region sequence, but its exact borders have not been defined. It is not shown in the figure. (B) Intron-exon border sequences and flanking 5Ј-and 3Ј-untranslated region sequences for the three coding region exons. The C/T polymorphism in intron 1 is underlined (see text).
1 5Ј-untranslated sequence.
2 3Ј-untranslated sequence.
phenotype is clinically distinct from retinitis pigmentosa, not observed in 247 normal controls (55 individuals were tested by direct sequencing and restriction digest in which the initial pathology is largely in the midperipheral retina rather than in the macula, and the loss of rod and 192 by single-strand conformational polymorphism [SSCP] analysis; data not shown). In addition, it should photoreceptor function precedes that of cones. In their end stages, however, these diseases are often difficult be noted that all otd/Otx-like proteins contain an arginine at the third residue of the homeodomain, and the to distinguish. The clinical phenotype associated with CORDII generally involves an early onset macular lesion only homeodomains containing a tryptophan at this location are an atypical subgroup consisting of the H2.0, and a severe clinical course, usually resulting in blindness before the age of 50 (Evans et al., 1995) . Unlike Hlx, HB24, and Hal-hlx proteins (Duboule, 1994) . some other forms, CORDII is not known to be associated with systemic or other manifestations.
Recombinant Homeodomain Containing the Arg41Trp Substitution Demonstrates Here, we report the identification of a putative disease-causing mutation (Arg41Trp) in the homeodomain Decreased DNA Binding Activity To examine the possible functional consequences of the of the CRX protein in a CORD pedigree with an apparently autosomal dominant mode of inheritance and demArg41Trp substitution, we compared the DNA binding activity of recombinant wild-type CRX homeodomainonstrate that the substitution causes a decrease in DNA binding activity. Analysis of additional probands reglutathione S-transferase fusion protein (CrxHD-GST) with equivalent protein containing the Arg41Trp substivealed three other sequence changes in the CRX gene that may also be associated with the disease phenotype.
tution (CrxHD Arg41Trp -GST) ( Figure 3A ). We had previously demonstrated that CrxHD-GST binds to the Ret 1, We present a clinical description of the Arg41Trp family and discuss the implications of our results for the role BAT-1, and Ret 4 sites in the rhodopsin proximal promoter region . In an electrophoretic of the CRX protein in the development and maintenance of normal photoreceptor function. mobility shift assay (EMSA), CrxHDArg41Trp-GST demonstrated significantly reduced binding to the Ret 1 and BAT-1 sites (Figures 3B and 3C) . Its binding to the Ret Results 4 site was barely detectable ( Figure 3D ). These findings are consistent with the Arg41Trp substitution being a Arg41Trp Substitution Cosegregates with Disease in a CORD Family functionally important mutation. As a first step for mutation analysis, the human CRX gene was isolated and its genomic organization deterClinical Characterization of Arg41Trp CORD Family mined ( Figure 1A ). The 897 bp CRX coding region is contained in three exons, with the homeodomain split
The core clinical features in pedigree #H0992 are normal vision during childhood and young adult years, with debetween exons 1 and 2. The intron-exon boundaries are consistent with known splice consensus sequences velopment of progressive vision loss centrally beginning at 35-50 years of age. The deceased father (II-2, Figure (Mount, 1982) (Figure 1B ).
Since we did not have available any CORD families 2B) had been diagnosed in 1957 with 20/200 acuities from "presenile macular degeneration" that began in in which the disease locus had been mapped to 19q13.3, we screened a cohort of 170 probands from families his mid-30's. He reported that his father (I-1) and two brothers were also affected, consistent with autosomal with the diagnosis of CORD for CRX mutations. The sequence analysis revealed a proband with a single nudominant inheritance. The three affected siblings (III-1, III-7, and III-9) reported first noticing vision problems cleotide change in codon 41 (CGG to TGG) in one allele, resulting in an Arg41Trp substitution in the third residue between 37 and 45 years of age. All three had early and patchy atrophy of the retinal pigment epithelium (RPE) of the homeodomain (Figure 2A ). The extended pedigree of this family (#H0992) is shown in Figure 2B . The codon in the macula and beneath the arcade vessels at 20Њ-40Њ peripherally in the region of highest rod density (Figures 41 sequence change cosegregated with the disease in the pedigree through eight meioses ( Figure 2C ), pro-4A and 4B). Visual field testing revealed relative blind spot regions (scotomas) within the area of central vision viding a lod score of 2.1 (data not shown), and was age 45, but by age 52, his acuities were still 20/20 for both eyes. His macula showed punctate pigmentary abnormality of the RPE and early mild atrophy that extended into the nasal retina. His ERG was the least affected of the three, with normal b-wave amplitudes for scotopic rod and photopic cone conditions ( Figure  4C ). However, his ERG showed abnormalities: his cone 30 Hz flicker implicit time (from flash to response peak) was marginally prolonged to 31 ms, and the white scotopic responses to the bright flash were "electronegative" (Figure 4C , arrow). These changes suggested diffuse rod and cone disease. III-1 was tested again 5 years later at age 57, and progression was noted: acuities had dropped slightly to 20/30 in both eyes, his central blind spots were not larger but were more dense (now to the V4e target), and his photopic cone response had become electronegative like III-9, even though the 30 Hz flicker implicit time and amplitude had not changed (data not shown).
Other CRX Mutations May Also Be Associated with CORD
The screening of the CORD cohorts identified four additional probands with sequence changes in one of their CRX alleles ( Figure 5 ). One of them also showed a nucleotide change in the Arg41 codon, but in this proband, a G-to-A transition resulted in an arginine-to-glutamine substitution. Among a compilation of 346 homeodomain sequences (Duboule, 1994) , none had a glutamine residue at this position. Unfortunately, no other members from the Arg41Gln family, nor from the families below, were available for clinical or DNA testing.
The three other changes that were identified were a GCC-to-ACC change in codon 158, resulting in an Alato-Thr substitution; a 4 bp deletion involving codons 196 and 197, resulting in a frame shift and premature Previous studies implicated Crx as a potentially important regulator of photoreceptor gene expression both during development and in the adult retina (Chen et al., (Figure 4C) . Color vision was abnormal (Table 1) . Rod psychophysical threshold was elevated by 0.5 log units 1997). However, since this data was mostly in vitro in nature, it did not directly address the role of Crx in at some points in the macula, but rod thresholds were normal at multiple peripheral points for all three. Widevivo. In this report, we describe the identification of five potentially mutant alleles of the human CRX gene that spread cone disease was indicated by delayed photopic flicker implicit timing on full-field electroretinogram are associated with CORD, thereby providing strong evidence that the CRX protein is indeed required for the (ERG) testing ( Figure 4C, triple arrows) .
Patient III-1 had sought help for vision problems at maintenance of normal rod and cone function in vivo. 3) and CrxHD Arg41Trp-GST (lanes 4-6) fusion peptides. The 32 P-labeled probes used are indicated on the bottom of each figure. The amount of fusion protein used for lanes 1 and 4, 2 and 5, and 3 and 6 were 10, 2, and 0.4 ng, respectively, for (B); 2, 0.2, and 0.02 ng, respectively, for (C); and 60, 40, and 20 ng, respectively, for (D).
Several lines of evidence suggest that at least some eight meioses. (3) The Arg41Trp mutation causes a charge and hydrophobicity change at a conserved and of the identified CRX sequence changes are mutations that are causally related to the CORD phenotype: (1) potentially important site, the third residue of the homeodomain. The Crx homeodomains are completely several families with CORD have been mapped to 19q13.3 (Evans et al., 1994; Gregory et al., 1994) , the conserved between mouse, cow, and man. Furthermore, the arginine residue itself is conserved between all memsite of the CRX gene. The fraction of CORD cases that are linked to 19q13.3, however, is unknown. (2) In bers of the otd/Otx family, and in a compilation of 346 homeodomains, a basic amino acid (Arg or Lys) is prespedigree #H0992, there is perfect cosegregation of the Arg41Trp allele with the clinical phenotype through ent in 312 of the proteins (Duboule, 1994) . Based on the crystal structure of engrailed, homeodomain Arg-3 (equivalent to Arg-41 in the CRX protein), which is part of the N-terminal arm, makes contact with the DNA minor groove (Kissinger et al., 1990) . In Drosophila melanogaster paired, which is probably more relevant to CRX due to its greater similarity in primary sequence, the crystal structure suggests that Arg-3 is involved in homeodomain dimerization, interacting intermolecularly with the beginning of helix II (Wilson et al., 1995) . In addition, the Arg-3 residue (equivalent to CRX Arg-41) also forms a charged hydrogen bond with homeodomain Glu-42 (equivalent to CRX Glu-80) (see Figure 5 ), which itself is 100% conserved among paired class homeodomains. (4) As predicted based on the paired crystal structure, the recombinant CRX homeodomain containing the Arg41Trp substitution demonstrates decreased binding activity for the rhodopsin promoter ( Figure 3) . (5) Arg41 is also altered in another family, but in this case to a glutamine, which as with the tryptophan substitution represents a change in net charge. (6) The codon 196/7 deletion causes loss of the CRX tail, a potentially important region that is conserved among Otx proteins . (7) Four of the CORD-associated sequence changes were not identified among normal control chromosomes. It should also be noted that the temporal and spatial expression of the Crx gene during mouse retinal development and its biochemical properties are consistent with the hypothesis that mutation in the human CRX gene could cause both cone and rod degeneration in affected patients. Taken together, the data indicates that the Arg41Trp CRX substitution and possibly several of the other sequence changes are likely to be disease-causing mutations.
In the terminology used clinically, the earliest phenotype in the Arg41Trp family can be described as a macular degeneration involving both cones and rods that evolves into a "cone-rod dystrophy." The three affected siblings had symptoms primarily from central vision loss due to rod and cone disease in the macula. The reduced acuity and color vision implicate a cone disease, while the considerable RPE changes between 20Њ-40Њ peripherally in the region of greatest rod density implicate rod involvement. The ERG of both III-7 and III-9 showed widespread cone and rod involvement on initial examination, and progression was documented in III-1 over a 5 year interval. Although several of the abnormal ERG components originate primarily from neural activity postsynaptic to the photoreceptors (Bush and Sieving, 1994 Sieving, , 1996 , it is reasonable to presume that rod and cone disease accounts for these ERG changes, including the 30 Hz flicker delay. The electronegative scotopic and photopic responses suggest defective signaling by the depolarizing bipolar cells of the ON visual pathway (Sieving, 1993) , but one cannot know whether this results from pathology of the bipolar cells or from deficient photoreceptor signaling. It is, however, surprising that all three siblings demonstrated normal psychophysical dark-adapted sensitivities in the periphery, as this indicates normal photon catch by the peripheral rod photoreceptors and implies that they are in normal or near normal numbers. It also suggests that their outer segments are of normal length and that they have normal The positions of the homeodomain (HD) and other conserved sequences in the protein, representing potentially important regions, are indicated. The Ala158Thr substitution is shown in brackets because it has also been identified in two normal controls. The predicted charged hydrogen bond between Arg-41 and Glu-80 is also shown, since it would be interrupted by the residue 41 substitutions.
Experimental Procedures
G-protein-coupled membrane channels. Overall, the clinical phenotype of this family appears to be less se-
Determination of CRX Genomic Structure
vere than that reported for the original CORDII family A set of human genomic GSI P1 high density filters (Genome Sys- (Evans et al., 1995) . 
1992; Humphries et al., 1997). For example, since the

Expression of Crx Homeodomain and EMSAs
Arg41Trp mutation causes decreased DNA binding acRecombinant CrxHD-GST and CrxHDArg41Trp-GST were expressed, tivity, unbound mutant molecules could repress tranpurified, and tested by EMSA as previously described (Chen et scription by squelching (Ptashne, 1988 , it is also possible that some of the including ERG recordings, visual fields testing, dark-adapted abso-CRX alleles alter the interaction of mutant protein with lute threshold sensitivity by Goldmann-Weekers determination, and NRL and thereby lower the rate of transcription of the color vision testing, were performed in standard fashion as prerhodopsin gene. Although mutations in the NRL gene viously described (Sieving, 1993) .
have not yet been detected (Farjo et al., 1997) Farjo, Q., Jackson, A., Pieke-Dahl, S., Scott, K., Kimberling, W.J., CCAGAGCTAT3Ј/5ЈAGAGAGATGGAGACTGCGTCC3Ј.
Sieving, P.A., Richards, J.R., and Swaroop, A. (1997) . Human bZIP Lod score analysis was peformed using M-LINK, part of the LINKtranscription factor gene NRL: structure, genomic sequence, fine AGE program developed by Dr. Jurg Ott.
linkage mapping at 14q11.2 and negative mutation analysis in patients with retinal degeneration. Genomics 45, 395-401.
